Introduction
Surgery and trauma lead to tissue injury and wound healing, which in the early stages is dominated by a proinflammatory response, followed by proliferative and remodeling phases. The inflammation can persist abnormally in the presence of extensive trauma, insufficient circulation, infection or inflammatory disorders, resulting in abnormally healing wounds, unwanted scarring, and, in some patients, also lymphedema. Transfer of healthy tissue is commonly used in the treatment of complicated and chronic wounds [1, 2] . Few studies have evaluated the inflammatory effects of flap transfer surgery used in breast reconstruction (BR). Microvascular BR has been shown to result in a greater systemic elevation of the acute phase inflammatory C reactive protein [3] and interleukin 6 (IL-6) [4] compared with local pedicular latissimus dorsi or lateral thoracodorsal BR flaps. However, both of these studies evaluated only the systemic response of surgery, and comparison to nonflap surgery was not performed. Thus far, little is known about the effects of flap transfer on the local wound healing environment.
More recently, autologous microvascular lymph node transfer (LN) has been used to improve the lymphatic drainage in lymphedema patients [5e7] . In addition to restoring the lymphatic flow, LN offers a possibility to retain the lymphatic, immunologic, and sentinel node functions of the affected limb. Interestingly, also flap transfer without lymph nodes (normal BR) has been shown to reduce the lymphedema symptoms of the arm in some postsurgical lymphedema patients [8e10] . This suggests that in some cases flap transfer alone modifies the local wound environment favorable to lymphangiogenesis.
Human lymph nodes express lymphatic vascular endothelial growth factor C (VEGF-C) [6] , which is secreted into axillary wound exudate after microvascular LN [7] . Results from the preclinical lymphedema models using VEGF-C or VEGF-D have demonstrated the ability of these factors to induce the growth of new lymphatic vessels [11e13], thus providing a biological basis for the microsurgical LN method.
Recent studies have shown that in addition to VEGF-C, lymphangiogenesis is regulated by a coordinated expression of proinflammatory and anti-inflammatory cytokines [14e16]. Furthermore, fibrosis and scarring are known to be key inhibitors of lymphatic regeneration [17] . Therefore, the factors affecting chronic inflammation and fibrosis are also a major topic of interest.
The clinical benefits of flap transfer surgery in various wound healing disorders are acknowledged [1, 2] , although there is lack of supportive biological evidence. To provide more information about the local biological and immunologic effects of flap transfer with and without lymph nodes, we decided to evaluate the postoperative production of proinflammatory cytokines (IL-1a, IL-1b, and tumor necrosis factor alpha [TNF-a]), anti-inflammatory cytokines (IL-10 and transforming growth factor beta1 [TGF-b1]), profibrotic cytokines (IL-4 and IL-13), and lymphatic growth factors (VEGF-C and -D) involved in wound healing and lymphangiogenesis in different patient groups: axillary lymph node dissection (ALND), microvascular BR, LN, and combined LN and BR (LN-BR; study design in Fig. 1 ).
2.
Patients and methods
Patient samples for cytokine analysis
Permission for collecting patient samples was approved by the Ethical Committee of the Turku University Hospital. All patients signed an approval for sample collection and approved the use of their patient information in the study. Postoperative axillary wound exudate samples were collected on the first and sixth postoperative day (POD) from LN (n ¼ 8), LN-BR (n ¼ 8) and, for controls, BR (n ¼ 8) and ALND (n ¼ 8) patients. In addition, wound exudate samples were collected from flap donor sites (n ¼ 9) on the first and sixth POD. Microvascular LN was performed to lymphedema patients as previously described [6, 7] . The BR group consisted of postmastectomy patients without lymphedema symptoms. Preparation of the axilla was similar in all the flap groups (LN, LN-BR, and BR) as the thoracodorsal vessels were used as recipient vessels in all the BR flaps and the retrograde thoracodorsal vessels in the lymphatic flaps. ALND patients underwent a routine breast cancer operation (mastectomy or breast resection) with removal of axillary lymph nodes due to metastases. The decision for ALND was made preoperatively based on imaging and biopsy results, and thus sentinel node biopsy was not performed. Exclusion criteria in the ALND group were preoperative oncological treatments or previous axillary surgery.
Evaluation of wound exudate cytokines
A protease inhibitor (cOmplete EDTA-free Protease Inhibitor Cocktail Tablets; Roche Diagnostics, Mannheim, Germany) was added to the wound exudate samples, followed by centrifugation to separate the supernatant and cell pellet [7] . 
Statistical analyses
All tests were performed two tailed and P-values <0.05 considered statistically significant. Differences between the treatment groups were tested separately on the first and sixth POD, using either parametric (analysis of variance) or nonparametric (KruskaleWallis) one-way analysis of variance, and when appropriate, followed by pairwise comparisons tests.
For normally distributed data, effect sizes for pairwise comparisons are reported as Hedges' g statistic with a 95% confidence interval (CI), whereas Cliff's delta statistic with a 95% CI is used for nonnormally distributed data. Supplementary Fig. 7 ), results are reported as medians (interquartile ranges), with horizontal lines in the graphs indicating medians, boxes interquartile ranges, and whiskers extending from minimum to maximum values. A detailed description of the statistical analyses can be found in the supplementary data files.
Results

Proinflammatory cytokines IL-1a, IL-1b, and TNF-a
Analysis of the cytokine concentrations revealed only nonsignificant and nonsubstantial differences in the IL-1a levels between any of the groups on the first or sixth POD (Supplementary Fig. 1A and B, Supplementary Table 1) .
As for the IL-1b concentrations on the first POD (Fig. 2,  Supplementary Table 2) , the levels were significantly higher in the ALND group (P ¼ 0.001) and nonsignificantly but still substantially higher also in the LN-BR group (P ¼ 0.066, g ¼ 1.38, 95% CI ¼ 0.29e2.47), when compared to the BR group. For the rest of the pairwise comparisons, the differences were nonsignificant and nonsubstantial. On the sixth POD ( Supplementary Fig. 2 , Supplementary Table 2), the IL-1b concentrations no longer differed significantly or substantially between the groups.
In terms of TNF-a, only nonsignificant and nonsubstantial differences between the groups were observed on the first POD ( Supplementary Fig. 3A, Supplementary Table 3 ). However, on the sixth POD ( Supplementary Fig. 3B, Supplementary  Table 3 ), even though the groupwise differences were nonsignificant, the level of TNF-a in the ALND group was still substantially higher than that of the LN-BR group (P ¼ 0.052, Fig. 2 e Proinflammatory cytokine IL-1b. **P < 0.01. Fig. 3 e Immunoregulatory cytokine IL-10. **P < 0.01.
g ¼ 1.44, 95% CI ¼ 0.34e2.54). No other substantial differences were found.
Anti-inflammatory cytokines IL-10 and TGF-b1
In terms of IL-10, the groupwise differences in the concentrations turned out nonsignificant and nonsubstantial on the first POD ( Supplementary Fig. 4 , Supplementary Table 4) . On the sixth POD, the IL-10 concentrations were higher in the LN groups, LN and LN-BR, when compared to the control groups, ALND and BR (Fig. 3, Supplementary Table 4 ). Although this difference was significant only between LN-BR and ALND (P ¼ 0.004), the comparison between LN-BR and BR proved still substantial (P ¼ 0.165, g ¼ 1.36, 95% CI ¼ 0.28e2.45). As for the rest of the groupwise comparisons, the results were nonsignificant and nonsubstantial.
To determine whether the differences between the LN (LN and LN-BR) and the BR control groups were due to the transferred lymph nodes or possibly other characteristics of the patient groups (e.g., lymphedema versus nonlymphedema), the IL-10 concentrations were measured also from flap donor site wound exudate. However, no significant or substantial differences were found between the flap transfer groups either on the first or sixth POD (data not shown).
As for TGF-b1, the protein levels on the first POD (Fig. 4 , Supplementary Table 5) were significantly higher in all other groups when compared with ALND: ALND versus BR, P ¼ 0.003; ALND versus LN, P ¼ 0.010; and ALND versus LN-BR, P ¼ 0.001. Among these flap transfer groups, the TGF-b1 concentrations were similar and the differences were nonsignificant and nonsubstantial. In contrast to the first POD, the levels on the sixth POD were low also in the flap transfer groups and no significant or substantial differences were observed ( Supplementary Fig. 5, Supplementary Table 5 ).
3.3.
Profibrotic cytokines IL-4 and IL-13
Analysis of the exudate samples revealed no significant or substantial differences in the IL-4 levels between any of the groups on the first or sixth POD ( Supplementary Fig. 6A and B, Supplementary Table 6 ).
On the other hand, more prominent groupwise differences were observed in the IL-13 concentration on the first POD (Fig. 5, Supplementary Table 7) . However, only comparisons of BR with ALND and LN were significant, even though the level of IL-13 was virtually zero in the ALND and LN groups and markedly higher in the BR and LN-BR groups: BR versus ALND, P ¼ 0.029; BR versus LN, P ¼ 0.029. The rest of the groupwise differences were nonsignificant and nonsubstantial. On the sixth POD, no significant or substantial differences were observed ( Supplementary Fig. 7, Supplementary Table 7) . Fig. 4 e Transforming growth factor b1. **P < 0.01. Fig. 5 e Profibrotic cytokine IL-13. *P < 0.05. Fig. 6 e Vascular endothelial growth factor C. ***P < 0.001. Preliminary VEGF-C results with smaller number of samples have been published in our earlier report [7] .
A B Fig. 7 e Vascular endothelial growth factor D. *P < 0.05; **P < 0.01; ***P < 0.001.
Lymphangiogenic growth factors VEGF-C and VEGF-D
Similar to our previous study with a smaller number of patients [7] , significant groupwise differences in the VEGF-C concentration were observed on the first POD (Fig. 6,  Supplementary Table 8) . Compared with ALND, the level of VEGF-C was significantly higher in the BR (P < 0.001) and LN-BR (P < 0.001) groups, and in addition, nonsignificantly but still substantially higher also in the LN group (P ¼ 0.099, g ¼ 1.51, 95% CI ¼ 0.42e2.61). The differences between these three groups were nonsignificant and nonsubstantial. On the sixth POD, the VEGF-C concentrations in the flap groups were similar to ALND and no significant or substantial differences were found ( Supplementary Fig. 8, Supplementary Table 8) .
Interestingly, the results from the VEGF-D level analysis were somewhat reciprocal. On the first POD, the level of VEGF-D was highest in the ALND group, significantly higher when compared with the LN groups: ALND versus LN, P ¼ 0.017; ALND versus LN-BR, P ¼ 0.047 (Fig. 7A, Supplementary Table 9 ). On the sixth POD, the situation was further emphasized (Fig. 7B , Supplementary Table 9 ) and all comparisons with the ALND group were now significant: ALND versus BR, P ¼ 0.004; ALND versus LN, P ¼ 0.001; and ALND versus LN-BR, P < 0.001. As for the rest of the groupwise comparisons of both PODs, only nonsignificant and nonsubstantial differences were observed.
Wound exudate cytokine profiles
To summarize the results, groupwise cytokine profiles were generated from the relative concentrations (groupwise mean divided by the grand mean; Fig. 8A and B) . On the first POD, the level of proinflammatory cytokines was notably high for the ALND group and low for the BR group. The level of profibrotic cytokines was, in contrast, low for the ALND group and high for the BR group, particularly with IL-13. As for the anti-inflammatory cytokine concentrations, the differences between the ALND and BR groups were less prominent. The results on the sixth POD were similar to those of the first POD, with the exception of TNF-a, now somewhat elevated also in the BR group. Interestingly, in the LN groups, cytokine profiles were less distinct on both PODs, as the relative concentrations were mainly quite similar to the grand mean, the most persistent exceptions being the low TNF-a and IL-13 levels of the LN group on both the first and sixth POD, and the elevated IL-10 levels on the sixth POD in the LN-BR and, to a smaller degree also in the LN group.
Discussion
In this study, we investigated postoperative axillary exudate samples from four patient groups (ALND, BR, LN, and LN-BR; Fig. 1 ). Our results showed that the concentration of antiinflammatory cytokines was increased after flap transfer, whereas in the ALND patients the proinflammatory cytokines dominated the profile. In addition, flap transfer with lymph nodes seemed to promote also an antifibrotic response (Figs. 8  and 9 ). Furthermore, we observed unexpected differences in the VEGF-C and VEGF-D production profiles (summary in Fig. 9 ). This is to our knowledge the first study investigating the inflammatory effects of LN surgery and one of the few studies elucidating the local biological mechanisms of flap transfer.
Transfer of healthy tissue may reduce the local proinflammatory response
Inflammation seems to play a diversified role in wound healing and the development of lymphedema. Several studies have demonstrated that inflammation is closely related to lymphangiogenesis, and proinflammatory cytokines induce lymphangiogenic growth factor (VEGF-C) expression in experimental settings [14, 15] . On the contrary, lymphatic stasis is known to initiate chronic inflammation and tissue fibrosis resulting in worsening of the lymphatic function [18] . Furthermore, lymphedema has been associated with a similar gene expression profile as inflammation in a mouse model [19] . According to our results, it seems that removal of axillary lymphatic tissue promotes a proinflammatory response, whereas transfer of healthy tissue to the axillary area may reduce this effect.
There seemed to be no significant differences in the concentrations of proinflammatory cytokines between the different flap transfer groups. We suggest that low production of these proinflammatory cytokines is related primarily to the transfer of healthy tissue, rather than the transferred lymph A B 
nodes. Interestingly, Brown et al. [20] have shown that the transfer of a muscle flap decreases the production of proinflammatory cytokine TNF-a in an experimental fracture model. The transfer of healthy tissue is commonly used in the treatment of infectious wound complications [1, 2] and conditions caused by chronic skin inflammation [21] . In addition, according to recent reports, normal BR (without lymph nodes) may improve the lymphatic function of the affected arm in some patients [8, 9] . Furthermore, immediate BR seems to reduce the risk of developing lymphedema [10] . It is therefore possible that this clinical finding is partly related to the smaller production of proinflammatory cytokines after flap transfer. However, the production of lymphangiogenic growth factor (VEGF-C) after flap transfer (also without lymph nodes) [7] probably also plays a role in inducing beneficial effects in lymphedema patients (Fig. 9 ).
Role of prolymphangiogenic growth factors VEGF-C and VEGF-D
Members of the VEGFs family are important regulators of angiogenesis and lymphangiogenesis [22, 23] . VEGF-C and VEGF-D both induce lymphangiogenesis by enhancing proliferation, migration, and survival of lymphatic endothelial cells [24] . Human lymph nodes express endogenous VEGF-C, which provides a biological basis for the microsurgical LN method [6] . In our earlier publication, we found an increased concentration of VEGF-C in the axillary wound exudate after flap transfer in the LN and LN-BR groups and, surprisingly, also in the BR group, compared with the ALND group [7] . This finding was confirmed with a greater number of patient samples in the present study. One explanation for the high VEGF-C concentration in the BR patients might be the finding that patients, who have not developed lymphedema after axillary clearance, have actually residual axillary lymph nodes [25] , which are producing VEGF-C. In addition, recruited macrophages have been shown to be the source of VEGF-C after flap transfer [26] .
Interestingly, production of another important prolymphangiogenic growth factor, VEGF-D, differed markedly from VEGF-C production after the LN. Even though VEGF-C and -D activate same target receptors in the lymphatic vessel endothelium, they have been reported to have different roles also during the embryonic development and growth [27, 28] . High VEGF-D concentrations after the axillary dissection may suggest that VEGF-D, rather than VEGF-C, could play a role in the spontaneous lymphatic vascular regrowth in the axilla after the breast cancer surgery. Furthermore, the ALND patients in this study have undergone axillary dissection because of a breast cancer lymph node metastasis, whereas the patients in the other groups did not have active cancer at the time of surgery. Recently operated carcinoma may alter the local VEGF-D concentration, as some breast cancer types are known to secrete lymphatic growth factors to enhance lymphatic invasion and lymph node metastasis [29e31].
LN promotes an anti-inflammatory and antifibrotic response
The most interesting finding in our study was the fact that the concentration of IL-10 was higher in the LN groups when compared with the BR and ALND groups. IL-10 is an antiinflammatory cytokine produced primarily by regulatory macrophages [32] . The major physiological importance of IL-10 is the prevention of uncontrolled harmful immunologic reactions [32] . To our knowledge, the direct effect of IL-10 on lymphangiogenesis has not been studied. However, it has been shown that IL-10 can reduce scar formation and fibrosis by inhibiting excessive deposition of extracellular matrix and by regulating the arrangement of collagen fibers in regenerated tissue [33] . It has also been shown that IL-10 downregulates fibrosis promoting proinflammatory cytokines [34] . In both preclinical and clinical studies, IL-10 has been found to be efficient in scar reduction and scar-improving therapies [33, 35, 36] . In light of these previous studies, it is possible that the clinical effects of LN are partly mediated by the increased production of IL-10, which has anti-inflammatory and also antifibrotic properties. The fact that the LN and LN-BR group patients have lymphedema, whereas the BR and ALND patients do not have, should not affect the results, as we know that immune cells have the ability to react to changing circumstances rather quickly. Therefore on POD 1 and 6, we are most likely to see the effects of radical surgery rather than the prior lymphedema.
TGF-b1 is an anti-inflammatory cytokine [37] , and also a regulator of tissue fibrosis and scarring in the later stages of wound healing [38, 39] . It has been demonstrated that inhibition of TGF-b1 leads to increased lymphatic repair during wound healing [38] . IL-10 is also known to protect from TGFb1einduced fibrosis [33] . In our material, the TGF-b1 concentration in the axillary wound exudate on the first POD was higher in all the flap transfer groups compared with the ALND group, but on the sixth POD the concentration was low in all 
groups. In light of our results and previously published studies, it can be speculated that in the early stages of wound healing, the anti-inflammatory properties of TGF-b1 are beneficial, but in the later stages of wound remodeling a high concentration of TGF-b1 may inhibit lymphangiogenesis by causing extensive fibrosis.
In addition to TGF-b1, also IL-4 and IL-13 have been shown to be profibrotic and contribute to the development of lymphedema [40] . The highest concentrations of these profibrotic cytokines were found in the BR group, although the concentrations were generally quite low. Thus, further evidence is needed to clarify the role of these profibrotic factors in the regulation of lymphangiogenesis in human patients.
Conclusions
The transfer of healthy tissue is commonly used in the treatment of complicated wounds in various patient groups [1, 2, 21] . Recently, flap transfer with lymph nodes has been used in the treatment of lymphedema patients [5, 6, 41, 42] . In clinical studies, the LN seems to improve lymphatic flow of the affected arm [5e7]. In addition, the role of flap transfer without lymph nodes in the prevention and resolution of lymphedema has been speculated recently [8e10] . In this study, we have provided new information about the local immunologic effects of flap transfer. According to our study, flap transfer seems to prevent the proinflammatory response after surgery, providing one explanation for the beneficial effects seen after flap transfer in chronic inflammatory and infectious wounds. Interestingly, LN seems to promote not only a prolymphangiogenic effect, but also an antiinflammatory and antifibrotic response (Fig. 9) . The cytokine profile after an LN seems to differ from flap transfer without lymph nodes, suggesting that also the transferred lymph nodes are influencing locally on the wound healing environment.
